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Graphene nanoribbons (GNR) are one of the most promising candidates for the fabrication of 
graphene-based nanoelectronic devices such as high mobility field effect transistors (FET). Here, we report a 
high-yield fabrication of a high quality another type of GNR analogue, fully flattened carbon nanotubes 
(flattened CNTs), using solution-phase extraction of inner tubes from large- diameter multi-wall CNTs 
(MWCNTs). Transmission electron microscopy (TEM) observations show that flattened CNTs have width 
of typically 20 nm and a barbell-like cross section. Measurements of the low-bias conductance of isolated 
flattened CNTs as a function of gate voltage shows that the flattened CNTs display ambipolar conduction 
which is different from those of MWCNTs. The estimated gap based on temperature dependence of 
conductivity measurements of isolated flattened CNTs is 13.7 meV, which is probably caused by the 
modified electronic structure due to the flattening. 

Graphene have been extensively studied due to their fascinating electrical, optical and mechanical prop- 
erties 1 " 3 . In particular, graphene-based electronics have attracted much attention due to high carrier 
mobility: > 10,000 crc^W 1 at room temperature. In addition, atomically thin structure of graphene 
provides the possibility of fabricating high speed devices with ultrathin and short channels without suffering from 
the adverse short-channel effects 4 . One of the main issues for the future graphene-based electronics is the fact that 
the graphene is zero-gap semiconductors, so that the opening of a sizable and well-defined bandgap is the key 
factor for the successful construction of such brand-new electronics. 

Several different ways to open bandgap have so far been proposed such as the electronic field induced gap 
opening of bilayer graphene and the symmetry breaking of graphene sublattice resulting from interaction 
between the graphene layer and the substrates 5,6 . Among the proposed ways to open bandgap in graphene, 
graphene width confinement down to several tens of nanometer, that is fabrication of graphene nanoribbon 
(GNR), has attracted attentions as the most promising and straightforward way to provide band gaps 7 ' 8 . Although 
many researches have already fabricated GNRs incorporating such as unzipping of CNTs, templated growth on 
SiC and the narrowing of width of graphene by electron beam lithography, the reproducible and efficient 
production of GNRs is still difficult and important issue 9 " 12 . Here, we report a brand-new and simple approach 
producing high quality GNR analogues, what we call fully flattened carbon nanotubes (FNT), using solution-base 
extraction of inner tubes from large-diameter multi-wall CNTs (MWCNTs). 

The schematic representation of the production mechanism is shown in Figure 1, where extracted large- 
diameter CNTs are spontaneously flattened to form FNTs. The structure of FNT is almost identical to that of 
GNRs except for the edges: smooth and round shaped edge of FNTs and defective and open edge of GNRs. The 
first experimental identification of FNTs was done by Zettl and coworkers when they were looking at MWCNTs 
by a TEM 13 . The advantage of our method is the simple and easy preparation only via solution phase sonication/ 
extraction of high-quality MWCNTs. 

Results 

Sample preparation and structure characterization. MWCNT synthesized by arc-discharge (Aldrich Inc., 
Bucky tube) was used in this experiment without further purification. Figure 2a show TEM images of the 
MWCNTs used in this experiment. The TEM images clearly show that the MWCNTs sample is clean without 
impurities such as metal nanoparticles. Typical diameter and layer number of the MWCNTs obtained from 
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Figure 1 | A schematic representation of the preparation procedure of 
flattened CNTs. The large- diameter CNT is extracted from MWCNT, and 
the extracted CNT is spontaneously flattened to form FNT. 

high-magnification images were 13 nm and 5, respectively. As 
clearly seen in the TEM images, walls of the MWCNTs are straight 
having high crystallinity without any kinks. As discussed later, the 
high crystallinity of MWCNTs is essential to produce FNTs from 
MWCNTs. 

Prior to the extraction of large-diameter CNTs, caps existing at 
both ends of MWCNT were removed by heating the sample at 973 K 
for 30 min under dry air flow. This heating causes weight loss of 
typically 40%, which ensures the complete removal of the MWCNT 
caps. After removal of the caps, we sonicated the sample in 1,2- 
dichloroethane or water containing surfactant for typically 1 hours 
(Supplementary Fig. SI, S2). Figure 2b shows TEM image of the 
sample after the sonication process. As clearly illustrated in the 
images, typical diameter and wall number of the sample are signifi- 
cantly different from those of the original MWCNTs; the typical 
diameter and wall number of the sample after the sonication were 
20 nm and 2 — 3, respectively. In addition, we can find a twisted 
structure as seen at the bottom right of Fig 2b (marked by the arrow). 
Formation of this kind of twisted structure is not compatible with the 
structure of MWCNTs. In fact, such a twisted structure has never 
been found in the original MWCNTs sample. The observed marked 
difference of TEM images indicates that the sonication induces not 
only a dispersion of sample into solution but also significant modi- 
fication of the structure of MWCNTs. 

Figure 3 shows high magnification aberration-corrected TEM 
image and the corresponding fast Fourier Transform (FFT) image 
of the sample after the sonication. The TEM image shows two liner 
contrasts at both edges, which is similar to the folded edge of bilayer 
graphene; the edge is visible by the (002) graphene lattice fringe in the 
case of folded graphene. Moire pattern is clearly seen, which origi- 
nates from a superposition of the hexagonal network of graphene 
layers. The FFT image shows four sets of hexagonal pattern that is 
marked by red, green, pink and yellow hexagon in the figure. These 
four sets of hexagonal pattern mean that the number of graphene 
layer is at least four, which is consistent to the folded bilayer of 





Figure 3 | (a) a high-resolution TEM image of an isolated FNT taken by 
aberration- corrected TEM, (b) FFT image of the image (a). 

graphene. In addition, two pairs of the hexagonal patterns (red and 
yellow, green and pink) have 2 mm symmetry, indicating that the 
orientation of the graphene layers is not random. The electron dif- 
fraction patterns and FFT of atomically resolved TEM images of a 
single-wall CNT (SWCNT) under normal incidence always have 
2 mm symmetry, which results from the mutual orientation of 
face-to-face graphene layers in SWCNTs 14 . So, the observed 2 mm 
symmetry of the FFT images indicates that the interlayer orientation 
of CNTs does not change after the sonication process. Based on the 
mutual orientation of the hexagons in the FFT image (red and yellow, 
green and pink hexagons), chiral angles of the original SWCNTs 
were estimated to be 9.5 and 24.8 degree. Assuming the flattened 
CNTs having the chiral angles, the TEM image shown in Fig. 3a have 
been reproduced by the multi-slice-method based TEM image simu- 
lation (supplementary Fig. S3). To further investigate this structural 
change, cross-sectional image of the material was observed 
(Figure 4). As clearly seen in the image, the cross section is not 
circular but a planar with rounded structures at both ends, suggesting 
that the resulting material is not CNTs or GNRs but flattened CNTs 
(FNTs). It is worth noting that the obtained TEM images of the FNTs 
sample are identical to the previously reported TEM images of sam- 
ples prepared by sonication-based unzipping of CNTs 15 . This means 
that we have to be careful to characterize the structure of samples 
prepared by sonication of CNTs. 

Electronic properties of FNTs. The deformation of CNTs can alter 
their electronic properties. To investigate electronic properties of 




Figure 2 | TEM images of the MWCNTs (a) before and (b) after the 
solution-based sonication process. The twisted structure is marked by the 
arrow. 



Figure 4 | Right-side image: a TEM image of a FNT wrapping around 
carbon membrane of a TEM grid, left- side image: close-up of the red 
square shown in the TEM image showing a barbell-like cross section of 
FNT. 
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FNTs, we made electrical contacts to several individual FNTs using 
electron beam lithography. Inset in Fig. 5 shows typical AFM image 
of the so-prepared FNT device. The electrical contact was made using 
Ti/Au with thickness of 5 and 45 nm. All experiments in this report 
were performed on back-gated FNTs on a substrate of highly doped 
silicon with a 90 nm thick Si0 2 gate dielectric. Figure 5 shows an 
example of transfer characteristic of the FNT device with a FNT 
channel length of 600 nm measured at ten different temperatures 
ranging from 9 to 300 K. The observed transfer characteristic 
exhibits a typical ambipolar transport behavior with a Dirac point, 
showing both hole and electron accumulation regime at low gate 
voltages (—13 ~ 13V). It should be mentioned that the 
MWCNTs are supposed to be metallic and to show no gate-voltage 
dependence. Furthermore, MWCNTs device with a similar geometry 
shows negligible gate voltage dependence (Supplementary Fig. S4), 
which clearly indicates metallicity of MWCNTs. 

To evaluate the transport gap of FNTs, we have investigated the 
thermal activation energy by measuring G min , the minimum conduc- 
tance observed at Dirac point, at different temperatures. At high 
temperatures, thermal activation is predominant, and G min is well 
represented by the following formula: G min oc exp(—EJ2k B T). 
Activation energy E a obtained from an Arrhenius plot of G min was 
13.7 meV (Supplementary Fig. S6), which is comparable to the 
reported values of GNRs prepared by electron-beam lithography 16 . 
The transport gap found in GNRs prepared by lithography is caused 
by localized states due to disordered edge structure of GNRs 16 . In 
contrast, the FNTs possess smooth and straight edges, which indicate 
that the observed transport gap is intrinsic characteristic of FNTs 
caused by the flattening deformation. The observed deformation - 
induced opening of gap is consistent with the previous study on 
deformed double-wall CNTs using scanning tunneling microscopy 
and spectroscopy 17 . 
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Figure 5 | Transfer characteristics of isolated FNT measured at different 
temperatures. Drain bias of 100 mV was applied through the 
measurement. Black, purple, blue, aqua, green, brown and red line 
correspond to transfer characteristics measured at 9, 60, 100, 140, 180, 220, 
260 and 300 K, respectively. The inset shows a typical AFM image of an 
isolated FNT device, and the scale bar shown in the inset corresponds to 
600 nm. 



Discussion 

Previous theoretical works have shown that tubular shape is struc- 
turally less stable than flattened shape when diameter of CNTs 
becomes large. In this case, tubular structure corresponds to a meta- 
stable state 18 . Because the tubular structure is a metastable, external 
stimuli can cause structural transition from the tubular to the flat- 
tened structure. A stimuli such as sonication can thus trigger the 
flattening deformation. The driving force of this structural trans- 
formation is the attractive van der Waals force exerted between tube 
walls of CNTs. When the diameter of CNTs is large enough, the 
attractive interaction between layers become predominant and the 
energy gain resulting from the interlayer interaction overcomes the 
energy loss due to the formation of curvature at the both ends of 
FNTs. A recent work shows that the minimum diameter inducing the 
flattening deformation is about 3—5 nm, which is much smaller than 
that of typical diameter of MWCNTs used in this work 1819 . The 
obtained results indicate that the extraction of large-diameter few- 
layer CNTs from MWCNTs occurs during the sonication process 
that finally leads to the formation of FNTs. 

Figure 6 presents a TEM image showing the formation process of 
few-layer large- diameter CNTs from MWCNTs. A large-diameter 
CNTs (12.1 nm) is obtained after the inner tube extraction from 
MWCNTs, and the large -diameter CNT is spontaneously flattened 
to possess width of 18.2 nm that is larger than the outer diameter of 
original MWCNTs. The ratio between width of the FNT region and 
outer- diameter of original MWCNTs is 1.6, which is consistent to the 
expected value of n/2 (1.57); this value was calculated based on a 
simple assumption that circular cross section of MWCNTs turned to 
be straight double layer cross section of FNT. The TEM image clearly 
demonstrates that the formation of FNT through the extraction of 
large-diameter CNT from MWCNT. 

To investigate the extraction mechanism of few-layer large- 
diameter CNTs further, a TEM-based statistical analysis of diameter 
of the original MWCNTs and width of synthesized FNTs was per- 
formed. Figure 7 is a histogram showing the distribution of the width 
of FNTs and the diameter of original MWCNTs; we have counted 
more than eighty MWCNTs and FNTs to make this histogram. As 
clearly seen, the width of FNTs is larger than the diameter of 
MWCNTs, where the average width of FNTs and the average dia- 
meter of MWCNTs are 21 and 17 nm, respectively. The average 
width of FNTs is larger than the average diameter of MWCNTs that 
is also consistent with the flattening deformation. Shape of the width 
distribution of FNTs and diameter distribution of MWCNTs are 
similar each other (standard deviations of each profile are 8.9 and 




Figure 6 | (a) TEM image showing the extraction process of a large- 
diameter CNT from a MWCNT. The extracted large-diameter CNT is 
spontaneously flattened to have a width larger than the diameter of the 
original MWCNT. (b) Schematic representation of the extraction process. 
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Figure 7 | A histogram showing a diameter distribution of FNTs and 
MWCNTs. Red and blue bars show the distribution of MWCNT and FNT, 
respectively. 

10 nm respectively), indicating that the extraction of large-diameter 
CNTs occurs regardless of the diameter of the original MWCNTs. 

Previous theoretical and experimental studies on sliding of shells 
in MWCNTs have shown that friction force between the shells is 
quite low leading to small energy barrier for the sliding motion 20 . Due 
to the small energy barrier, the sliding can be triggered by the shock 
waves formed under the sonication, which results in the extraction of 
the outer shell from MWCNTs. This is essentially the same mech- 
anism as the separation of inner and outer tube of DWCNTs that we 
reported previously 21 . The energy barrier may vary depending on the 
crystallinity of MWCNTs; when walls of MWCNTs are not straight 
with kinked structures, the energy barrier is considered to be large. In 
fact, we could not obtain any FNTs when we use defective MWCNTs 
as a precursor even after longtime sonication in solution (Supple- 
mentary Fig. S7). This means that the high quality MWCNT pre- 
cursor is required to realize bulk production of FNTs by the solution 
phase extraction technique. 

While structure of FNTs has features in common with multiply- 
folded graphene (multiply- stacked graphene layers and folded edges 
for example), there are essential differences in structure between 
FNTs and multiply-folded graphene 22 . Structure of multiply-folded 
graphene is basically two-dimensional, which is in contrast to the 
one-dimensional structure of FNTs where folded edges are typically 
separated by 10 ~ 20 nm. Compared to multiply-folded graphenes, 
FNTs can therefore show electronic properties arising from one- 
dimensionality, and electronic structure modifications originating 
from folded edges are expected to be more significant. As discussed 
in the results part, FNTs device shows transport gap. There are two 
probable reasons why the gap appears in FNTs: the presence of 
curvature at both edges of FNTs and the interlayer interaction 
between neighboring graphene sheets. A theoretical calculation on 
folded graphene shows that bandgap appears in several different 
mutual orientations of graphene 23 . This bandgap opening is attrib- 
uted to hybridization of the n electron states between the upper and 
lower layers of the folded graphene. The interlayer interaction 
depends on the orientation of graphene layers. Due to computational 
limitations, the theoretical investigation of the interlayer interaction 
is limited to the orientation close to the so-called AA stacking. The 
high degree of curvature at edges induces a strong deformation in 
carbon sigma bonds, and thus leads to the valence charge modifica- 
tion 24 . FNTs synthesized in this work are relatively thin (average 



width is 18 nm) and possess such curvatures at both edges, and 
therefore, the electronic structure of the whole FNTs can be greatly 
affected by the curvature formation. This kind of electronic structure 
modification could be one of the main reasons why gap appears in 
this system 25 . In addition, the curvature leads to shifts of the Fermi 
point away from the K-point of the Brillouin zone, which modifies 
the low- energy electronic states 26 . This can cause change of the first 
van Hove singularities position that can also induce the bandgap. 
Further investigation based on correlation between exact structure of 
FNTs and electronic properties will be definitely needed to fully 
understand the electronic properties of FNTs. 

In conclusion, we have successfully developed a new synthesis 
method of FNTs in bulk scale based on a simple solution phase 
dispersion process, where FNTs are formed by the spontaneous flat- 
tening of extracted large-diameter few-layer CNTs. The flattened 
structure of FNTs is characterized by TEM observations, and FET 
device measurements using single isolated FNT shows an ambipolar 
characteristic. Temperature dependence of G min shows the transport 
gap of 1 3.7 meV, which is probably caused by the modified electronic 
structure due to the flattening. The present method can be scaled up 
for large-scale production of GNR-analogue materials, which is 
potentially useful for future electronics and basic researches on 
deformed graphene systems. 

Methods 

Preparation of samples. The MWCNT- sample was supplied from Aldrich Inc. and 
used without further purification. Prior to the extraction of large-diameter CNTs, 
closed edges existing at both ends of MWCNT were etched away by a thermal 
oxidation reaction at 973 K for 30 min under dry air flow. Weight loss of the 
MWCNT during the oxidation process was monitored by thermal gravimetric 
analyses (TGA, example of the TGA is shown in Supplementary Fig. S8). A typical 
weight loss after the oxidation process is 40%, which ensures the complete opening of 
closed caps of the MWCNT. For the extraction of large-diameter CNTs, the 
MWCNTs sample (7 mg) was dispersed in 1,2-dichloroethane or H 2 0 (20 mL) with 
1% weight per volume (w/v) solution of sodium cholate hydrate (SC, 99% 
Sigma- Aldrich) using an ultrasonic sonicator (Sonifire 450D, Branson) for 1 h at 
298 K. Obtained dispersion solution was centrifuged for 1 hour at 41,000 g and 
supernatant solution was collected (pictures of the dispersion solution are shown in 
Supplementary Fig. S9). The supernatant solution was mixed with methanol, and 
precipitated FNT was collected by filtration. 

TEM observations. TEM observations were carried out using a high-resolution field- 
emission gun TEM (JEM-2100F and JEM-2200MCO, JEOL) operated at 80 keV at 
room temperature and under a pressure of 10" 6 Pa. Atomic resolution TEM 
(Figure 3), was performed using a JEOL 2200MCO, fitted with CEOS image and 
probe aberration correctors, operating at 80 kV. The sample was dispersed in DCE by 
the weak sonication for 1 hour with an ultrasonic bath sonicator. The solution was 
then dropped onto a Si grid or copper grid coated with thin carbon film. The sample 
was heated at 200°C under vacuum for 30 min to remove DCE and water just before 
the TEM observations. TEM images were recorded with a charge coupled device with 
an exposure time of typically 1 s. 

Measurements of electronic properties. FNTs were deposited on a heavily doped 
silicon substrate with a 90 nm thick Si0 2 layer by spin-coating. First, the FNTs 
dispersed in DCE solution was dropped onto the substrate and leave it for 5 min. And 
then, the solution was spin-coated at 4000 rpm for 1 min. The location of FNTs was 
determined using atomic force microscope (Dimension 3100 SPM, Veeco) based on 
pre-fabricated marks on the substrate. Electric contacts of Ti (5 nm)/Au (45 nm) 
were made using electron beam lithography (ELS-7500EX, ELIONIX) and electron 
beam evaporator (E-400EBS, SHIMADZU). Transfer and output characteristics of 
FNTs device were performed using a vacuum probe station (Nagase) and 
semiconductor parameter analyzer (B1500, Agilent). 
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